The overstretching transition in torsionally unconstrained DNA is studied by means of atomistic molecular dynamics simulations. The free-energy profile as a function of the length of the molecule is determined through the umbrella sampling technique providing both a thermodynamic and a structural characterization of the transition pathway. The zero-force free-energy profile is monotonic but, in accordance with recent experimental evidence, becomes two-state at high forces. A number of experimental results are satisfactorily predicted: (i) the entropic and enthalpic contributions to the free-energy difference between the basic (B) state and the extended (S) state; (ii) the longitudinal extension of the transition state and (iii) the enthalpic contribution to the transition barrier. A structural explanation of the experimental finding that overstretching is a cooperative reaction characterized by elementary units of approximately 22 base pairs is found in the average distance between adenine/thymine-rich regions along the molecule. The overstretched DNA adopts a highly dynamical and structurally disordered double-stranded conformation which is characterized by residual base pairing, formation of non-native intra-strand hydrogen bonds and effective hydrophobic screening of apolar regions.
Introduction
Since the creation of the first magnetic and optical tweezers at the end of the 1980s, DNA has been the object of an extensive experimental effort aimed at determining its mechanical properties and how they modulate its biological function [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this context, one of the first striking observations was the phenomenon of overstretching [11, 12] , the sudden elongation of more than 70% of its initial length shown by torsionally unconstrained double-stranded (ds) DNA when pulled from its ends with forces higher than 60 pN ( figure 1 ). An appropriate reaction coordinate to study this conformational change is the axial distance between consecutive base pairs (x bp , also called rise in the specific DNA literature), which increases from 0.34 to 0.58 nm during the transition. From the very beginning, the structural interpretation of this phenomenon has been causing substantial controversy. The structural information that represents the defining feature of the phenomenon, the 70% increase in length, is per se a source of contention. In fact, the extended DNA has been found to be consistent with a multiplicity of possible structures, from two separated strands of singlestranded DNA (ss-DNA) formed as a result of melting [14, 15] to a variety of extended ds conformations (S-forms). These putative structures, including the S-ladder, a straightened DNA with preserved base pairing [16] , and the S-zipper [17] , are all characterized by variously coupled strands with reduced helicity. Even recently, a number of studies on the subject have appeared, either discarding [18, 19] or supporting [8] [9] [10] the existence of the S state. However, a growing body of evidence has finally emerged suggesting that the melted and S-form of DNA can coexist. The presence of melted DNA in overstretched molecules can be inferred from the occurrence of hysteresis in consecutive stretching and shortening cycles. In this way, it could be seen that the extent of melting taking place during overstretching varies widely, depending on the base pair sequence, DNA topology (open or closed), solution conditions (ionic strength, pH and temperature) and manipulation of the molecule [20] [21] [22] [23] [24] [25] .
Since the publication of the first papers on DNA overstretching, molecular dynamic (MD) investigators have embarked on the quest for a structural interpretation of the observed phenomenology. Initially, steered MD simulations of torsionally unconstrained DNA molecules were employed [16, 17, [26] [27] [28] [29] . According to this approach, the overstretching experiments are simulated taking explicitly into account the presence of a pulling force. However, the time scales involved in the DNA overstretching transition are of the order of seconds [13, 30] , while atomistic simulations are typically restricted to nanoseconds. Steered MD simulations are therefore bound to explore only transient conformations and give transition forces one order of magnitude larger than the experimental ones. Simulations giving a realistic force-extension relation have been performed using an anisotropic pressure control method on torsionally constrained periodic-and therefore unmeltable-constructs [31] . More recently [32] , umbrella sampling techniques have been employed that allow the free-energy landscape of short DNA segments along the stretching coordinate to be calculated. In [32] , this approach allowed confirming the double-strandedness of S-DNA and analysing the differences of stretching the molecule in direction 3 0 -3 0 or 5 0 -5 0 . All these theoretical studies, however, were limited to interpret experimental work in which the mechanism of the overstretching transition and the nature of the S state were investigated by analysing the equilibrium properties of the system, namely its equilibrium force-extension relation. Eventually, a new approach has emerged focused on the dynamic aspects of the transition mechanism [13] . By using a dual laser optical tweezers and a piezoelectric nanopositioner controlled by a fast force feedback, it was possible to stretch individual DNA molecules at constant force. The molecule used was l-phage DNA, a 48 000 base pair (bp) long viral DNA with equal proportions of adenine/thymine (AT) and cytosine/guanine (CG) base pairs. The analysis of the time course of the elongation of the molecule following a millisecond force step allowed the kinetics of the overstretching transition and its force-dependence to be characterized [13] . The kinetic properties of the system were explained by a two-state model that provided the size of the elementary elongation Dx (approx. 5.5 nm). Dividing Dx by the elongation per base pair (Dx bp , 0.24 nm), the number of base pairs undergoing the cooperative overstretching (i.e. the cooperativity index q ¼ Dx/Dx bp ) resulted to 22. Extending this analysis to include the effect of temperature [30] revealed that the transition from the B to the S state implies an entropic contribution to the free-energy change that at room temperature is onethird of the entropy change of thermal melting [33] . This is a clear indication that the S state is more ordered than ss-DNA and maintains a higher number of inter-strand bonds than melted DNA, as expected from a ds conformation. Moreover, the temperature dependence analysis revealed an absolute thermal insensitivity of the structural parameters mentioned above (Dx and q) and indicated that the enthalpic contribution to the free-energy barrier of the transition is negligible. Under these conditions, the two-state nature of the transition can be explained with either the presence of a non-zero entropic barrier or with the emergence of a barrier only as a consequence of the rise in force.
Both a good estimate of the contributions to the freeenergy landscape governing the overstretching kinetics and a clear microscopic scenario of the transition are missing. What is the structure of the S state? What is the transition mechanism that causes the observed two-state cooperative elongation of units of approximately 22 bp independently of temperature? Is the reduced helicity of the S state due to a homogeneous unwinding along the molecule or it is the result of different contributions determined by the base pair sequence?
In this paper, we show that it is possible to answer these questions, gaining important insights on the microscopic details of DNA overstretching by means of atomistic MD simulations. The accuracy of the simulations will be tested by their ability in reproducing recent findings on the freeenergy profile of the B -S transition and on the structure of the S state.
Material and methods
The free-energy profile of the transition can be described by sampling the equilibrium distribution for different values of the molecular extension. For this reason, we chose a different approach, using a two-step heating-annealing procedure to reach thermodynamic equilibrium and umbrella sampling to control the end-to-end distance of the DNA molecule under study. Umbrella sampling is a technique that consists in simulating different copies of the system in the presence of restraints. The presence of restraints ensures appropriate sampling in the regions of interest of the configuration space and efficiently curbs the ergodicity issues intrinsic in such a high-dimensional system, granting an effective acceleration of the conformational exploration.
Finally, the weighted histogram analysis technique is used, which allows the free-energy profile along the path selected by the consecutive restraining potentials to be recovered [34] . In our case, a restraining harmonic potential is imposed on the end-to-end distance of the molecular construct, in order to fix the average distance between consecutive base pairs, the base pair distance x bp , during a simulation. The system chosen is a random DNA 23-mer containing 9 AT and 14 CG, reproducing the average size of 22 bp of the cooperatively overstretching regions of DNA [13, 30] . The CG base pairs are mainly concentrated before the 13th base pair (CG-rich region) and the AT-rich region begins starting from the 14th base pair. The explored interval of the reaction coordinate x bp ranges from 0.34 (corresponding to the B state) to 0.58 nm (corresponding to the S state) and overall 24 different copies of the system were simulated. In order to allow strand separation, the harmonic restraint was imposed on the generalized end-to-end distance
where d 1 and d 2 are the end-to-end distances on the sense and antisense strand, respectively. This implementation of the end-to-end restraints does not impose any torsional constraintrestraint on the system and is fully compatible with melting. In fact, a given d value might be obtained also with an entirely melted conformation formed by two single strands having an average end-to-end distance d.
Simulations were performed using the AMBER [35] suite, a collection of computer programs for the simulation of the MD of proteins and nucleic acids and the analysis of the resulting trajectories. The interatomic potential used was specified by the PRAMBSC0, a force field specifically refined for the simulation of nucleic acids [36] . The solvent was explicitly simulated using the flexible SPC atomistic model of water. This model allows for a certain degree of flexibility in the intermolecular bonds and shows an overall superiority in the prediction of relevant dynamic and thermodynamic parameters [37] . The same solvation box, a 75.5 Â 129 Â 109 Å parallelepiped, was chosen for each DNA conformer. The box is large enough to accommodate the most extended conformer and a fixed number of water molecules (34 116 for each conformer). In accordance with the reference experiments, the ionic strength is adjusted to 150 mM by adding 141 Na þ and 97 Cl 2 ions (the 44 Na þ excess ions compensate the negative backbone phosphates). In order to keep the pressure constant, an isotropic scaling algorithm is used during the simulation that leads to fluctuations of less than 1‰ on the box volume. The effect of a heat bath was taken into account by means of stochastic Langevin dynamics. The different copies of the system were first heated at 400 K for 3 ns and then thermalized at 300 K for 6 ns, allowing for the stabilization of the average enthalpy over 1 ns window. The initial heating was sufficient to initiate strand separation in the most extended configurations. Trajectories were post-processed with the AMBER modules PTRAJ and MM_PBSA, which were used to compute the estimates of thermodynamic quantities, including vibrational entropy, conformational averages, distances and the occurrence and lifetime of hydrogen bonds.
Results and discussion

Structural model
The averaged equilibrium conformations corresponding to five of the 24 different extensions imposed on the system are shown in figure 2 (from bottom to top 0.34, 0.40, 0.46, 0.52 and 0.58 nm). The five conformations were averaged for 1.5 ns. AT base pairs are depicted in yellow; CG base pairs are green. In the electronic supplementary material, we present an animation with 24 conformations corresponding to the 24 extensions employed, each averaged over the last 1.5 ns window.
As already reported in [38] , AT-rich regions of the molecule are more compliant and elongate at a slightly earlier stage than CG-rich ones. These differences are visible in the structure corresponding to the 0.46 nm base pair distance, in which the AT-rich portion appears elongated, whereas the CG-rich portion still exhibits an almost perfectly preserved B state. Moreover, in the AT-rich region the helical structure of the molecule appears drastically unwound. These structural changes couple with an almost complete loss of base stacking and an extended breakage of base pairing interactions. In figure 3a , we show the percentage of native base staking interactions (empty squares) and that of native hydrogen bonds (filled circles) as a function of the base pair distance x bp . The presence of each stacking interaction is determined by monitoring with PTRAJ the average distance between the two nearest atoms in each couple of nucleosides and by monitoring if it exceeds by more than 1 s.d. the average value that it has in B-DNA (x bp ¼ 0.34). Hydrogen bonds and their lifetimes were determined by using the HBONDS command in PTRAJ. The early 25% drop of base stackings corresponds to the loss of most of the stacking interactions in the AT-rich region and is gradually followed by a drop in native hydrogen bonds. The lag suggests that the elongation observed in this range and the concurrent drop in helicity can be completely ascribed to the loss of base stacking. A similar pattern of events repeats at larger elongations also for the CG-rich region: in the structure with x bp ¼ 0.52 nm, the CG-rich region exhibits an increased elongation and a concurrent drop in helicity. The larger stability of the CG-rich region helps to elucidate the interplay between base staking and base pairing in the stabilization of the molecule. Both interactions stabilize the molecule along orthogonal directions and, apparently, only base staking should contribute to longitudinal stability. It is, however, evident that some degree of nonlinear coupling between the two is taking place, since AT-rich regions elongate at lower forces.
The individual elongations of AT-and CG-rich regions are shown in figure 3b , where the elongation of either the AT-rich region (open diamonds) or the CG-rich region (filled triangles) is plotted versus the average x bp of the whole segment. It can be seen that the first 20% extension is totally accounted for by the elongation of the AT-rich region. The differential elongation provides a lower limit for the cooperativity of the transition. The elongation of AT-rich regions breaks the structural homogeneity of the DNA molecule, effectively partitioning it in independent sections. The portions of the molecule undergoing cooperative overstretching cannot therefore be larger than the average distance between AT-rich regions. In order to test this partitioning hypothesis, we performed a statistical analysis on the sequence of the l-DNA molecule identifying all the sequences with more than four consecutive A/T bases and recording their position along the molecule. The distance between two consecutive sequences like these is exponentially distributed with average value 23.2 bp, in good agreement with the experimental value for cooperativity index q [13, 30] .
From a structural point of view, it appears evident from figures 2 and 3a that the elongation of an AT-rich region leads to the breakage of its internal base pairing, whereas CG pairs tend to retain base pairing even after their extensions. As a consequence, the overstretched state (top structure in figure 2, corresponding to x bp ¼ 0.58 nm) adopts a plastic configuration which is characterized by an almost complete breakage of the original base pairing for AT pairs and an almost complete preservation of it for CG pairs. Overall, the S state retains 30% and 50% of the native base stackings and base pairings, respectively, most of them in the CG-rich region.
As shown in the overstretched structure in figure 4 (x bp ¼ 0.58 nm, AT pairs yellow, CG pairs green), the unpaired bases in strands of several consecutive A/T bases are highly dynamic but tend not to stick out of the main body of molecule. At least some portions of the nucleotide chains are in contact with other nucleosides so that very few of them might be considered fully solvated. Also, base stacking in these unpaired regions is partially preserved, although often not with the original neighbouring base. A frequent alternative is the stacking of a base with the corresponding one on the opposite strand (yellow arrow in figure 4 ). On average, A/T bases are stacked 58% of their time, with approximately twothirds of their stacking contacts being native and one-third non-native. Using a combination of native and non-native stackings, approximately 20% of A/T bases manages to stack both their sides, while only 5% of them does not show any stacking interaction. Even in these cases, however, a certain amounts of hydrophobic contacts with neighbouring bases might be present. Also in regions characterized by many consecutive C/G bases, deviations from the standard stacking-pairing pattern such as those already described for AT-rich regions can be observed (green arrow in figure 4 ). Yet, in this case the typical lifetime of such anomalous conformers is of the order of 100 fs, and they concern no more than one CG pair at any given instant.
The attachment between opposite strands is further reinforced by the occurrence of hydrogen bonds between unpaired A/T bases and one or more of the oxygen of the opposite phosphate backbone (cyan circles and lines in figure 4) . Such inter-strand attachments might be further reinforced by a zipper structure where each base binding to the backbone of the opposite strand is also stacked between two of the bases belonging to the opposite strand. This conformation is a very appealing candidate for a ds S-form since, maximizing at the same time hydrogen bonding, base stacking and hydrophobic screening, it is characterized by a very low enthalpy. The zipper conformation has already been reported in simulations at forces above 100 pN [17] . It is, however, unstable in the range of forces analysed as testified by a control simulation showing that it quickly evolves to the CG-paired-AT-unpaired structures previously described. Figure 5 shows the hydrophobicity surface of the extended conformation (x bp ¼ 0.58 nm) in comparison to that of the rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140399 B-form. Red represents highly hydrophilic atoms, blue highly hydrophobic ones and white atoms characterized by a 0 value in the Kyte-Doolittle hydrophobicity scale. The distribution of the hydrophobicity shows that the basic organization of the B-form is retained also in the extended conformation. The highly charged backbones, which repel each other, are separated by a mostly hydrophobic region where the bases clamp together, thus contributing to prevent strand separation. Indeed, an analysis of the solvation free-energy computed trough the Generalized Born approach shows an increase during stretching of 0.3 k B T per base pair, an almost insignificant amount compared to the approximately 50 k B T solvation free-energy per base pair [39] .
As a final structural remark, we note that the helicity of the extended conformation resulting from the simulations is 32 bp per turn, somewhat smaller than the 37.5 value reported Marko and co-workers [8, 9] , but in agreement with that reported by Bustamante and co-workers [10] . Figure 6a reports the free-energy profile versus the average base pair distance. The free-energy DG was computed by analysing the end-to-end fluctuations of each restrained trajectory with the weighted histogram method, in the implementation of the freely available WHAM program [40] . The free energy grows monotonically with the base pair distance and no barrier is evident. The free-energy difference between the S and B conformations (x bp ¼ 0.58 and 0.34 nm, respectively) amounts to 4.8 k B T per base pair, in reasonable agreement with the value of 3.8 k B T per base pair estimated in the experiments [13] . The free-energy profile calculated with the weighted histogram analysis method is independent of the restraining force. The effect of a constant external force F pulling along the reaction coordinate can, however, be easily assessed, as the energetic cost for reaching the position x bp along the reaction coordinate is lowered by F . x bp , the work done by the applied force. The free energy of the system under the effect of a pulling force changes according to DG(x bp ) ! DG(x bp ) 2 F . x bp , which causes a flattening of the free-energy profile. By gradually increasing the parameter F, we observe a new local minimum arising at x bp ¼ 0.52, corresponding to the overstretched S state populated only at high forces. The coexistence force F e ¼ (102 + 9) pN is the force at which the two minima have the same free energy (inset of figure 6a) and are therefore in equilibrium. Its value can be calculated by imposing that B-and S-DNA have the same energy at that force DG(x B ) 2 F e . x B ¼ DG(x S ) 2 F e . x S . This condition is also used to estimate the error of F e by propagating the errors on the DG's which are in turn computed by the WHAM code via Monte Carlo bootstrapping. The procedure gives F e ¼ 102 + 9 pN, a value 50% higher than the experimental value of 70 pN for this ionic strength [15] and accidentally in strict accordance with results found for torsionally constrained DNA [31] . It is worth noting that, although not explicitly calculated, a similar value is found also in [32] , where two free-energy profiles are reported for two different stretching methods, each presenting a slope that reasonably matches our value.
The energy landscape
At the coexistence force, the free energy displays a nonzero barrier, 0.13 k B T per base pair, between the B and S, inset of figure 6a. Considering that the number of base pairs cooperatively involved in the transition is over 20 [13] , this apparently negligible value of the transition barrier gives a total energy barrier of about 3 k B T. A remarkable feature in figure 6a is that, at the coexistence force, the B state is characterized by an average base pair distance (0.43 nm) significantly higher than that at zero force (0.34 nm). This shift cannot be explained by the increase in strain, because in this case, the elastic modulus should be 385 pN, which is (a) (b) Figure 5 . Comparison of the hydrophobicity surface between the basic (b) and the overstretched (a) conformation. Red corresponds to highly hydrophilic atoms and blue to strongly hydrophobic ones. White is neutrality. Phosphates are orange. The right portion of the overstretched conformation corresponds to the CG-rich region of the molecule that retains the native base pairing. The left portion is the AT-rich one. In spite of their inherent structural differences at the hydrogen bonding level, both regions show the same large-scale hydrophobic organization: the negative backbones are exposed to water and are kept separated from each other by the hydrophobic nucleosides. approximately only one-third the reported value [13, 41, 42] . Figure 6a marks another difference with the experimental data: the S state is shorter than expected, having a base pair distance of 0.52 nm instead of 0.58 nm. It is difficult to speculate on the origin of these differences and a more extensive analysis with different force fields should be done. Overall, the extended structures predicted by the simulations are both shorter and more wounded when compared with the experimental ones. One possible cause is a mis-modelling of base stacking interactions which were found to concur to both states of DNA. The observed discrepancy might be explained by an excessive weight of stacking interactions in the force field used, which would also explain the larger than observed value obtained for the coexistence force. The discrepancy between simulation and experimental results could also be due to limitations in the force field, which was not explicitly designed to reproduce DNA mechanics. Finally, owing to the finite extension of the system studied, a role in the discrepancy could be played by the bp sequence. This possibility seems unlikely, however, since substantially similar results can be obtained performing simulations with different sequences [32] . On the other hand, to directly test the sequence effect would require a system at least an order of magnitude larger than that used in this simulation, that is a DNA strand of approximately 200 bp, currently unfeasible with explicit solvent. Similar considerations hold for the temporal extension of the simulation. However, this is a minor limit because we checked the convergence of the enthalpic contribution to the free energy of the system and longer simulations would only refine the convergence of the entropic term which is known to be very slow.
The lack of a free-energy barrier at zero force and its presence at the coexistence force is a key result for the thermodynamic description of the observed kinetics [30] . Under tension, the intermolecular bonds break, leading to higher energy structures stabilized by entropy. However, as shown in figure 6b, where we report both the enthalpic (DE, circles) and entropic (TDS, squares) profiles of the transition, no clear signature of abrupt transitions can be seen. The TDS corresponds to the vibrational entropy and was estimated for each restrained trajectory by diagonalizing the mass weighted covariance matrix trough PTRAJ.
Only the van der Waals contribution (DE vdw , inset of figure 6b) to the system enthalpy shows a small discontinuity, at x bp ¼ 0.46 nm (arrow), approximately 1 k B T per base pair, as estimated by the vertical shift between the two independent linear fits to the data above and below 0.46 nm (dashed lines). As shown in figure 2 , the most significant conformational change involving van der Waals interactions at x bp ¼ 0.46 nm is the unstacking of the AT base pairs with the resulting breaking of the p-p interaction between the aromatic portions of the nucleosides. The observed energetic increase is however significantly smaller than expected for full unstacking (approx. 6 k B T per bp), suggesting that unstacking is readily compensated by the appearance of non-native stacking contributions.
A series of thermodynamic features of the overstretching transition predicted by this simulation are in quite good agreement with those experimentally determined in the recent study on the kinetics of the overstretching transition [30] : (i) the absence of an enthalpy barrier at zero force (figure 6), and its emergence only as a consequence of rise in force.
(ii) The enthalpic and entropic contributions to the free-energy difference between the B and the S state at 208C are approximately 10 and 6 k B T per base pair, in rough agreement with the values 8.2 and 4.4 k B T per base pair found in the experiment, respectively. Thus, the model confirms that the entropy change of the overstretching transition (approx. one-half of the enthalpy change) represents a significant contribution to the stabilization of the S state, halving the free-energy change of the transition. (iii) The entropic contribution to the transition is less than one-half that expected from thermal melting, confirming the conclusion that the S state is more ordered that the ss-DNA, as expected from a ds conformation.
Conclusion
In this work, we propose both a structure for the extended S state of ds-DNA and a microscopic mechanism for the overstretching transition which accounts for the observed cooperativity and energetics.
According to our simulations, the S state is characterized by a certain degree of structural disorder, especially concentrated in AT-rich regions where the original base pairing is almost completely disrupted. In spite of the high structural plasticity observed in AT-rich regions, strand separation is prevented by non-native aromatic stacking, van der Waals and hydrophobic interactions and by the presence of non-native hydrogen bonds with the oxygens of the opposite phosphate backbone and the O4 0 of the opposite deoxy-ribose ring. Overall, the S state of DNA keeps the gross hydrophobic structure characteristic of the B state with the two, negatively charged, phosphate backbones separated by an interposing hydrophobic layer formed by the nucleosides.
The loss of the base pairing hydrogen bonds during overstretching is not compensated by the appearance of non-native interactions and leads to an overall increase in enthalpy. On the other hand, for the same reason, the system gets looser, which explains the increase of vibrational entropy observed in figure 6b. Although the harmonic restraints used allow strand separation, no proper melting was observed during the simulations. The ds nature of the S state emerging from our simulation agrees very well with the experimental evidence [30] that, under melting inhibiting conditions, DNA overstretching transition does not imply strand separation. Moreover, the S state of DNA would be stabilized with respect to melted DNA by increasing the ionic strength since the increased Debye screening would weaken the electrostatic inter-strand repulsion that destabilizes all ds-DNA conformations.
As far as the transition cooperativity, the mechanism here suggested indicates that the cooperativity index q is determined by the sequence details. The identification of a sequence-based mechanism for the cooperativity, together with the observation that the free-energy landscape is two-state at the force of the transition, fully agree with the experimental evidence [13] that DNA is composed of a collection of two-state independent units. Furthermore, the observation that at zero force the free-energy landscape is lacking any enthalpic contribution to the energy barrier agrees with the thermodynamic analysis reported in [30] .
The results of the simulations provide a set of predictions that can be experimentally verified. The first is the link between q and sequence which, for naturally occurring coding sequences, would imply that q is roughly proportional rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140399 to CG content. The second concerns the plateau force which we expect to be lower for AT-rich sequences.
The implications of these results at the biological level are twofold. First, the observation that no free-energy barrier is present in the mechanically unperturbed system implies that the S state is not a real metastable state in the absence of tension. Therefore, any local stretching imposed on DNA by a DNA-binding protein, such as recA [43 -46] , would be extremely short lived and could be persistently maintained only by a prolonged interaction with the binding protein.
The conclusion that the overstretching transition is based on elementary reactions of 22 bp implies that the energy needed to overstretch a minimum DNA portion is relatively large. In fact, the work done for the elongation of the elementary unit (Dx ¼ q Â 0.23 nm) at the coexistence force F e at 258C is W e ¼ F e . Dx ¼ 66 pN Â 5.1 nm ¼ 336 zJ or 82 k B T, four times larger than the free energy provided both by ATP hydrolysis and by typical DNA -protein interactions. It seems therefore unlikely that overstretching of units made of 22 bp could play a significant role in a biological process. However, the energy needed for overstretching decreases when smaller DNA portions undergo cooperative overstretching. According to the sequence-based mechanism here suggested, cooperatively overstretching units might be significantly smaller than the observed average 22 bp since in coding sequences the distance between AT-rich regions follows an exponential distribution. Therefore, by selecting the appropriate binding region, an interacting protein might overstretch DNA at an energetic cost which is probably several times smaller than the average.
